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Abstract 
Research on high-entropy-alloy (HEA) superconductors is one of the growing fields in material 
science. In this study, we have explored new HEA-type superconductors and discovered a CuAl2-type 
superconductor Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 with a HEA-type transition metal site. A superconducting 
transition was observed at 8.0 K in electrical resistivity, magnetization, and specific heat measurements. 
Bulk characteristics of the superconductivity were confirmed by the specific heat measurements. The 
discovery of superconductivity in HEA-type Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 will provide us with a new 
playground for exploration of new HEA-type superconductors and investigations on the relationship 
between local structures and superconductivity in HEA-type compounds. 
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Impact statement: We report on the material design, synthesis, and observation of a superconducting 
transition at 8.0 K in new high-entropy-alloy-type compound Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 with a CuAl2-type 
structure. 
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1. Introduction 
Recently, high-entropy alloys (HEAs) [1,2], which are defined as alloys containing five or more 
elements with a concentration between 5 to 35at%, have been extensively studied in the fields of material 
science, engineering, chemistry, and physics. Alloys synthesized with the criterion results in high 
configurational mixing entropy (ΔSmix), which is defined as ΔSmix = -R Σi ci ln ci, where ci and R are 
compositional ratio and the gas constant, respectively [2]. In a HEA, mixed (five or more) elements are 
sometimes distributed randomly, and mixing elements sometimes results in the formation of nano-scale 
phase separations [3,4]. Such unique structural characteristics of HEAs have fascinated researchers in the 
field of superconductivity as well because nano-scale structural and/or electronic disorders could be useful 
for improving critical current density in some cases [5-7]. Recently, exploration and investigation of HEA 
superconductors have been a hot topic since the discovery of the first HEA superconductor 
Ta34Nb33Hf8Zr15Ti11 with a transition temperature Tc = 7.3 K in 2014 [8,9]. After the discovery, various 
HEA superconductors with a simple alloy-type structure (bcc and hcp structures) have been discovered [9-
15]. Although the pairing mechanisms of the superconductivity in those HEA superconductors have been 
characterized as a conventional type, the field has been getting attention because HEA superconductors 
possess exotic characteristics. For example, electrical resistance measurements under extremely high 
pressures revealed that the superconductivity states in Ta–Nb–Hf–Zr–Ti are robust under pressures up to 
190 GPa [16]. This fact suggests that the HEA states may be useful to maintain the essential crystal structure 
and electronic states for the emergence of superconductivity under extreme conditions. In addition, as 
mentioned above, the concept of HEA should be useful for the research on improving critical current density 
of superconductors for practical use. Therefore, we need to extend the concept of HEA to various 
compounds other than bcc and hcp metals to develop the field of HEA-type superconductors.  
 In 2018, Stolze et al. reported superconductivity in CsCl-type (Sc,Zr,Nb,Ta)0.65(Rh,Pd)0.35 [17]. 
Since a CsCl-type strucure is composed of two different crystallographic sites, the 
(Sc,Zr,Nb,Ta)0.65(Rh,Pd)0.35 superconductor can be regarded as a HEA-type compound. Recently, we have 
reported the synthesis and superconducting properties of HEA-type layered superconductors [18,19]. In a 
BiS2-based layered superconductor system (REO0.5F0.5BiS2: RE = La, Ce, Pr, Nd, Sm), an increase in ΔSmix 
improved superconducting properties due to the suppression of local structural disorder [20,21]. Single 
crystal growth and its superconducting properties of HEA-type RE(O,F)BiS2 have also been reported; 
superconducting properties comparable to low-entropy systems were comfirmed [22]. In a RE123-type 
cuprate system with RE = Y, La, Pr, Nd, Sm, Eu, and Gd, no degradation of Tc by an increase in ΔSmix was 
confirmed [19]. Therefore, the HEA effects in layered superconductors seem to be working positively or at 
least less-affecting. Recently, superconductivity in NaCl-type tellurides and related chalcogenides were 
reported [23-25]. For example, a HEA-type telluride AgInSnPbBiTe5 contains an HEA-type M site (M = 
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Ag, In, Sn, Pb, Bi) and a Te site and shows superconductivity with Tc = 2.6 K. In contrast to the cases of 
the layered systems, the superconducting properties of NaCl-type HEA tellurides are lower than those for 
low-entropy tellurides [24]. These results imply that the crystal structure type and its dimensionality are 
related to the effects of high-entropy-alloying to superconducting properties in compounds.  
We have explored new HEA-type compound in this study. We have focuesd on the CuAl2-type 
(I4/mcm) structure because over 100 superconductors could be found in a superconductor database 
(SuperCon, NIMS database) [26]. Among them, RhZr2 has the highest Tc of 11.3 K [27]. Furthermore, as 
summarized in Table I, TrZr2 (Tr = Co, Ni, Rh, Ir) compounds all show superocnductivity with Tc = 5.5, 
1.6, 11.3, and 7.5 K, respectively [27]. Although FeZr2 is a superconductor, its Tc is lower than 1 K [28,29]. 
In the case of Tr = Cu, CuZr2 has a CuZr2-type (I4/mmm) structure, but partial substitution of Cu for the 
CuAl2-type compounds is possible and positively affects on Tc. In Co1-xCuxZr2, the Tcs for x = 0.05 and 0.1 
are higher than that for x = 0 [30]. According to the Tc and the crystal structure of those TrZr2 compounds, 
we have designed a new possible HEA-type compound Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2, in which the 
composition at the Tr site meets the compositional criterion of HEA and achieves ΔSmix ~ 1.5R for the Tr 
site. 
 
 
2. Methods 
A polycrystalline sample of Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 was synthesized by arc melting in Ar 
atmosphere. Powders of pure metals, Co (99%), Ni (99.9%), Cu (99.9%), Rh (99.9%), and Ir (99.9%), were 
mixed with a certain composition and pelletized. The metal pellet and a plate of pure Zr (99.2%) were used 
as starting materials for arc melting. The obtained sample was characterized by energy dispersive X-ray 
fluorescence analysis on JSX-1000S (JEOL). The phase purity and the crystal structure were examined by 
X-ray diffraction (XRD) with Cu-Kα radiation on Miniflex-600 (RIGAKU) equipped with a high-resolution 
semiconductor detector D/tex-Ultra. The obtained XRD pattern was refined by the Rietveld method using 
RIETAN-FP [31], and schematic images of the refined crystal structure were depicted using VESTA [32]. 
Magnetization was measured by a superconducting quantum interference device (SQUID) on MPMS-3 
(Quantum Design). The tempeature dependence of magnetization was measured both after zero-field 
cooling (ZFC) and field cooling (FC). The magnetic field dependence of magnetization was measured from 
-7 to 7 T. The temperature dependence of electrical resistivity under magnetic fields up to 3 T was measured 
by a four-terminal method with a DC current of 5 mA on a GM refrigerator system (AXIS). The temperature 
dependence of specific heat was measured by a relaxation method on PPMS (Quantum Design) under 0 
and 9 T. 
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3. Results and discussion 
 Here, we report on the discovery of an HEA-type superconductor Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 with 
Tc = 8 K, at which the onsets of superconducting transition were observed in the temperature dependences 
of magnetization, electrical resistivity, and specific heat. The sample obtained by arc melting was silver-
coloured. The calculated sample-weight loss during the pelletizing and arc-melting processes was less than 
1%. The measured composition of the sample was Co0.187Ni0.097Cu0.083Rh0.328Ir0.305Zr2, which was calculated 
by fixing the Zr amount as 2. Although slight deviation of the measured composition from the nominal 
starting composition was observed, the mesured composition was close to the nominal value. Therefore, 
we call the sample Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 using the nominal value in this paper. Note that all the 
transition metal compositions are in a range of 5–35%, which meets one of the criteria of HEA. The 
calculated ΔSmix for the Tr site is 1.47R. 
 Figure 1(a) shows the powder XRD pattern and the Rietveld refinement result. There is no clear 
indication of the presence of impurity phases. The refinement with a tetragonal CuAl2-type (I4/mcm) model 
resulted in a reliability factor of Rwp = 8.7%. Refined lattice constants are a = 6.5006(2) Å and c = 5.5320(3) 
Å. The atomic coordinates are Zr(x, y, z) = (0.1639(3), 0.6659(3), 0) and T(x, y, z) = (0, 0, 0.25). Schematic 
images of the refined cystal structure are shown in Figs. 1(b,c).  
 Figure 2(a) displays the temperature dependence of magnetization for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. 
Large diamagnetic signals, corresponding to the emergence of superconductivity, were observed below 7.8 
K. Figure 2(b) shows the magnetic field dependence of magnetization (M-H) at 2.5 K. The data shows that 
superconducting currents are generated. The inset figure shows a M-H plot at low fields, which confirms 
that the lower critical field (μ0Hc1) is ~ 20 mT. From those magnetization data, we confirmed that 
Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 is a typical type-II superconductor. 
 Figure 3(a) shows the temperature dependence of electrical resistivity () for 
Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. Typical metallic behavior was observed, which is consistent to previous reports 
on TrZr2 compounds [27,33]. As shown in Fig. 3(b), the onset temperature (Tconset) and the zero-resistivity 
temperature (Tczero) are 8.0 and 7.5 K, respectively, at 0 T. Tc decreases with increasing magnetic field [Fig. 
3(b)]. To estimate the upper critical field at 0 K [μ0Hc2(0)], the resistive midpoint Tc (Tc) and magnetic Tc
M 
estimated from magnetization under various magnetic fields (see supplemental data) are plotted in a 
magnetic field-temperature phase diagram in Fig. 3(c). Using the WHH model (Werthamer-Helfand-
Hohenberg model) [34], which is applicable for a dirty-limit type-II superconductor, the μ0Hc2(0) was 
estimated as 12 T. 
 To confirm the bulk nature of the observed superconductivity, specific heat was measured on a 
small piece (4.384 mg) of Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. Figure 4(a) shows the temperature dependences of 
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specific heat under 0 and 9 T. A clear jump was observed below 8.0 K under 0 T, but no superconducting 
transition was observed under 9 T. Therefore, we used the data under 9 T to estimate the electronic specific 
heat coefficient (γ) and the coefficient for lattice specific heat contribution (β). The estimated γ and β are 
20.7 mJ/mol·K2 and 0.519 mJ/mol·K4. The Debye temperature (θD) was estimated as 224 K, which is close 
to that reported for a CoZr2 single crystal [33]. To characterize the superconducting properties, the 
electronic contribution (Cel) at 0 T, which was calculated by  Cel = C – βT3, is plotted in a form of Cel/T as a 
function of temperature in Fig. 4(b). The low temperature Cel/T data seems to approach zero at 0 K, 
suggesting bulk nature of the superconductivity. However, the superconducting transition seen from Cel is 
reratively broad as compared to a single crsytal data for CoZr2 [33]. The origin of the broad transition is 
not clear, but the present data is enough to confirm the emergence of bulk superconductivity in the examined 
sample. The superocnducting jump in Cel (ΔCel) estimated with Tc = 7.4 K is 1.12γTc (see supplemental 
data), which is a value consistent to the BCS model [35]. 
 To discuss about the effects of the HEA states in the Tr site of TrZr2 to superconducting properties, 
we compare the Tcs of pure TrZr2 and Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. In known HEAs, properties or 
performance are sometimes close to the average for all the constituent metals and sometimes result in 
unexpectedly high or low values [17], which is so-called cocktail effects. In the case of Tc of 
Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2, Tc = 8.0 K seems to be close to the composition-weighted average value of Tcs 
for Tr = Co, Ni, Rh, and Ir. Therefore, the cocktail effect-like improvement of Tc was not found in the 
present study. However, the presnt phase is just the first superconductor in the HEA-type TrZr2 systems, 
and we expect discoveries of various HEA-type TrZr2 superconductors and the improvement of 
superconducting properties in future works. 
Here, we briefly describe future prospects of the HEA-type TrZr2 compounds. First, we expect that 
we can flexibly design various kinds of HEA-type TrZr2 according to the elemental and compositional 
design described in the introduction part of this paper. In a superconductor database [26], TrZr2-type 
superconductors containing Tr = Sc, Fe, Co, Ni, Cu, Ga, Rh, Pd, Ta, and/or Ir can be found. Therefore, the 
TrZr2 phases with a HEA-type Tr site will be useful for discussing the effects of long-range disorder, local 
phase separation, and/or modulation of local structure to superconducting properties. Furthermore, 
clarification of the HEA effects in superconductors will be important for the improvement of practical 
superconducting materials. Another possible merit of the HEA-type TrZr2 is the congruent melting 
character of the TrZr2 phases. As reported in Ref. 33, high quality single crystals can be obtained by simple 
melting. Therefore, the HEA-type TrZr2 phases will provide us with a platform to study the relationship 
between superconducting properties and HEA states using single crystals. 
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4. Conclusion 
We have reported the synthesis and superconducting properties of new HEA-type superconductor 
Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 with a HEA-type Tr site. The composition of Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 was 
designed based on information of the crsytal structure (CuAl2-type) and Tc of the TrZr2 compounds from 
the NIMS database (SuperCon). A polycrystalline sample was prepared using pure metals by arc melting. 
A superconducting transition was observed at 8.0 K in magnetization, electrical resistivity, and specific 
heat measurements. From the magnetization and resistivity data under magnetic fields, the upper critical 
field μ0Hc2(0) was estimated as 12 T. Specific heat data suggests that the superconductivity observed in the 
sample is bulk in nature. The estimated electronic specific heat coefficient and the Debye temperature are 
close to those reported on a CoZr2 single crystal. Although a cocktail effect, which is unexpected (non-
average) improvements of the performance, was not observed on the Tc of Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2, the 
discovery of superconductivity in HEA-type TrZr2 should open a new playground for exploration of new 
HEA-type supercondcutors and investigations on the relationship between local structures and 
superconductivity in HEA-type compounds. 
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Table 1. Crystal structure type, space group, and Tc of TrZr2 and related phases (Tr = Co, Ni, Cu, Rh, 
and Ir). 
 
Phase Structural type Space group Tc (K) Reference (Tc) 
CoZr2 CuAl2-type I4/mcm (No. 140) 5.5 [27] 
NiZr2 CuAl2-type I4/mcm (No. 140) 1.6 [27] 
RhZr2 CuAl2-type I4/mcm (No. 140) 11.3 [27] 
IrZr2 CuAl2-type I4/mcm (No. 140) 7.5 [27] 
FeZr2 CuAl2-type I4/mcm (No. 140) < 1 K [28,29] 
CuZr2 CuZr2-type I4/mmm (No. 139) - - 
Co0.9Cu0.1Zr2 CuAl2-type I4/mcm (No. 140) 6.1 [30] 
Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 CuAl2-type I4/mcm (No. 140) 7.8 This work 
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Fig. 1. (a) XRD pattern and Rietveld fitting for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. The numbers in the figure are 
Miller indices. (b, c) Schematic images of crystal structure of CuAl2-type Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. 
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Fig. 2. (a) Temperature dependence of (ZFC and FC) magnetization for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. (b) 
Magnetic field dependence of magnetization for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 taken at T = 2.5 K. The inset 
shows low-field M-H data.  
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Fig. 3. (a) Temperature dependences of electrical resistivity for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. (b) Temperature 
dependences of resistivity for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 under magnetic fields. (c) Magnetic field-
temperature phase diagram for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2. 
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Fig. 4. (a) Temperature dependence of C/T for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 at 0 and 9 T. (b) Temperature 
dependence of electronic specific heat Cel/T at 0 T. 
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Supplemental data 
 
 
 
Fig. S1. Temperature dependences of magnetization for Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 under various magnetic 
fields. 
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Fig. S2. Estimation of the electronic specific heat jump at Tc (=7.4 K) for or Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2 
under 0 T. 
